Heparanase (HPSE) is the endogenous endoglycosidase that degrades heparan sulfate proteoglycans and promotes the tumor growth, invasion, metastasis and angiogenesis. Our previous studies have shown that HPSE is highly expressed in neuroblastoma (NB), the most common extracranial solid tumor in childhood. However, the underlying regulatory mechanisms remain largely unknown. In this study, we identified one binding site of microRNA-558 (miR-558) within the HPSE promoter. In NB tissues and cell lines, miR-558 was up-regulated and positively correlated with HPSE expression. Gain-and loss-offunction studies demonstrated that miR-558 facilitated the transcript and protein levels of HPSE and its downstream gene, vascular endothelial growth factor, in NB cell lines. In addition, miR-558 enhanced the promoter activities of HPSE, and these effects were abolished by the mutation of the miR-558-binding site. Mechanistically, miR-558 induced the enrichment of the active epigenetic marker and RNA polymerase II on the HPSE promoter in NB cells in an Argonaute 1-dependent manner, which was abolished by repressing the miR-558-promoter interaction. Knockdown of endogenous miR-558 decreased the growth, invasion, metastasis and angiogenesis of NB cells in vitro and in vivo. In contrast, over-expression of miR-558 promoted the growth, invasion, metastasis and angiogenesis of SH-SY5Y and SK-N-SH cells. Restoration of HPSE expression prevented the NB cells from changes in these biological features induced by knockdown or over-expression of miR-558. These data indicate that miR-558 induces the transcriptional activation of HPSE via the binding site within promoter, thus facilitating the tumorigenesis and aggressiveness of NB.
Introduction
Neuroblastoma (NB), the most common extracranial solid tumor derived from the neural crest, is characterized by heterogeneous biological behaviors, ranging from spontaneous regression to aggressive progression, and accounts for almost 15% of all childhood cancer deaths (1) . For high-risk NB patients, invasion and metastasis are the leading causes of death, which remains a major therapeutic challenge in pediatric oncology (1) . Better elucidating the mechanisms underlying the tumorigenesis and aggressiveness of NB is needed for improving the therapeutic efficiency. Heparanase (HPSE) is the only endogenous endoglycosidase that degrades the heparan sulfate proteoglycans in the extracellular matrix and the basement membrane, enabling tumor cells to break through these barriers for invasion and metastasis (2) . In addition, HPSE regulates tumor growth and angiogenesis through releasing multiple types of cytokine and promoting the formation of new vessels (3) . Recent evidence shows that apart from its enzymatic activity, HPSE is able to increase the transcriptional and protein levels of vascular endothelial growth factor (VEGF) in breast cancer and glioma cells via the activation of Src family members (4) , further supporting a pro-angiogenic function of HPSE in tumor progression. A series of studies have demonstrated that HPSE expression is elevated in colorectal cancer (5) , pancreatic cancer (6) , bladder cancer (7), gastric cancer (8) and cervical cancer (9) and is associated with aggressive phenotypes and poor prognosis (3) . In our previous studies, we have found that HPSE is up-regulated in NB tissues (10) , and knockdown of HPSE attenuates the growth and aggressiveness of human cancer cells (11, 12) . However, the regulatory mechanisms underlying the HPSE expression in NB still remain largely unknown.
MicroRNAs (miRNAs), a class of endogenous non-coding RNAs containing 20-25 nucleotides, are involved in gene expression regulation through targeting their binding sites, usually in the 3′-untranslated region (3′-UTR) of mRNA, and lead to posttranscriptional or translational repression (13) . Evidence shows that miRNAs play potent oncogenic or tumor suppressive roles in many cellular processes, including proliferation, apoptosis, invasion and metastasis (13) . Canonically, these processes are executed through the recognition of miRNA-mRNA interaction by RNA-induced silencing complex machinery, with Argonaute (AGO) proteins as the main effector (14, 15) . Previous studies have shown that miR-1258 inhibits the expression of HPSE through targeting its 3′-UTR, resulting in decreased brain metastasis of breast cancer cells (16) . In recent years, emerging studies reveal that certain miRNAs regulate gene expression at the transcriptional levels in human cells (17) (18) (19) (20) . However, the roles of miRNAs in regulating the transcription of HPSE still remain unclear. In the current study, we demonstrate, for the first time, that miroRNA-558 (miR-558) is up-regulated and positively correlated with HPSE expression in NB tissues and cell lines and directly targets the HPSE promoter to activate its transcription, thus promoting the growth, invasion, metastasis and angiogenesis of NB cells in vitro and in vivo, suggesting the crucial roles of miR-558 in the progression and aggressiveness of NB.
Results

miR-558 was up-regulated and positively correlated with HPSE levels in NB tissues and cell lines
Our previous studies have initially revealed the high expression of HPSE in primary NB tissues (10) . To investigate the hypothesis that miRNA may regulate the transcription of HPSE in NB, computational prediction was performed by the miRNA-promoter interaction database (21) and AGO-chromosome interaction profiling data (GSE40536). Enrichment of AGO1, but not of AGO2, was noted at bases −2468/−2591 upstream the transcription start site (TSS) of HPSE. Surrounding this region, there were potential binding sites of miR-145, miR-558 and miR-17 with high complementarity, locating at bases −2330/−2345, −2314/−2332 and −2292/−2313 relative to the HPSE TSS (Fig. 1A) . The dual-luciferase assay indicated that the transfection of the miRNA inhibitor and the mimic of miR-558, but not of miR-145 or miR-17, resulted in altered promoter activities of HPSE in cultured NB cell lines (Fig. 1A) . Mining the publicly available clinical tumor expression data sets [R2: microarray analysis and visualization platform (http://r2.amc.nl)] revealed that the expression of baculoviral IAP repeat containing 6 (BIRC6), the host gene of miR-558 (22) , was up-regulated in specimens from 88 well-established NB cases than that in normal dorsal ganglia (P < 0.0001, Supplementary Material, Fig. S1A ). In addition, the BIRC6 levels were correlated with advanced international NB staging system (INSS) stages (P = 0.007, Supplementary Material, Fig. S1A ) and aggressiveness of neuroblastic tumors (P = 0.0079, Supplementary Material, Fig. S1B ). There was a positive correlation between BIRC6 and MYCN transcript levels in NB tissues (correlation coefficient R = 0.346, P = 9.7 × 10 −4 , Supplementary Material, Fig. S1C ) or neuroblastic tumors (R = 0.497, P = 2.9 × 10 −5 , Supplementary Material, Fig. S1C ). Higher BIRC6 expression was also observed in NB cell lines than that in normal dorsal ganglia and was positively correlated with MYCN expression (R = 0.48, P = 0.0174, Supplementary Material, Fig. S1D ). To further investigate the expression of miR-558, real-time quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was applied to measure the mature miR-558 levels in 30 NB specimens, normal dorsal ganglia and cultured SK-N-SH, SK-N-AS, SH-SY5Y and SK-N-BE(2) cell lines. As shown in Figure 1B , mature miR-558 was up-regulated in the NB tissues and cell lines compared with normal dorsal ganglia. The western blot assay indicated the high expression of HPSE in NB tissues and cell lines (Fig. 1C ). There was a positive correlation between miR-558 expression and HPSE transcript levels in NB tissues and cell lines (R = 0.633, P < 0.0001, Fig. 1D and Supplementary Material, Table S1 ). Higher miR-558 expression was observed in NB tissues with poor differentiation (P = 0.0001, Fig. 1E ) or higher HPSE protein levels (P = 0.0011, Fig. 1F ). These results indicated the up-regulation of miR-558 in NB tissues and cell lines, which was positively correlated with HPSE transcript levels.
miR-558 facilitated HPSE expression through transcriptional activation
To investigate the direct effects of miR-558 on HPSE expression in NB cell lines, we performed the miRNA knockdown and overexpression experiments. Transfection of anti-miR-558 inhibitor into SH-SY5Y and SK-N-BE(2) cells resulted in a decrease in cytoplasmic and nuclear miR-558 levels ( Fig. 2A) . Western blot, realtime quantitative RT-PCR and nuclear run-on demonstrated that transfection of the anti-miR-558 inhibitor resulted in decreased nascent transcript and protein levels of HPSE in NB cells, when compared with those transfected with the negative control (anti-NC) inhibitor (Fig. 2B-D) . The expression levels of VEGF, the HPSE downstream target gene (4), were significantly down-regulated in miR-558 knockdown NB cells, consistent with the HPSE reduction ( Fig. 2B and C) . On the other hand, the stable transfection of the miR-558 precursor into SH-SY5Y and SK-N-SH cells obviously up-regulated the cytoplasmic and nuclear expression of miR-558 ( Fig. 2E ) and increased the HPSE and VEGF protein levels than those of empty vector-transfected (mock) cells (Fig. 2F) . Real-time quantitative RT-PCR and nuclear run-on analyses showed the enhanced transcriptional levels of HPSE and VEGF in NB cells transfected with the miR-558 precursor, when compared with mock cells (Fig. 2G and H miR-558 targeted the binding site and recruited AGO1 on HPSE promoter
To determine whether or not miR-558 could promote HPSE expression by targeting its binding site within the HPSE promoter, the HPSE promoter-luciferase reporter or a mutation of the miRNA seed recognition sequence (Fig. 3A) was transfected into NB cells transfected with anti-miR-558 or anti-NC inhibitors. The firefly luciferase activity normalized to that of Renilla was significantly reduced in the tumor cells transfected with the anti-miR-558 inhibitor (Fig. 3B) , and the effects were abolished by the mutation of miR-558-binding site within the HPSE promoter (Fig. 3B ). In addition, the stable transfection of the miR-558 precursor increased the luciferase activities in SH-SY5Y and SK-N-SH cells (Fig. 3C) , whereas the mutation of the miR-558 recognition site abolished these effects (Fig. 3C ). Since previous studies have revealed the potential involvement of AGO1 and AGO2 in small RNA-induced transcriptional activation (24, 25) , we next analyzed the binding of AGO1 and AGO2 on the promoter region of HPSE. Chromatin immunoprecipitation (ChIP) and real-time quantitative PCR (qPCR) assays indicated that the endogenous Human Molecular Genetics, 2015, Vol. 24, No. 9 | 2541 miR-558-targeting HPSE promoter regions were immunoprecipitated using antibody specific for AGO1, but not for AGO2, in cultured SH-SY5Y and SK-N-BE(2) cells, which were 0.33-and 0.23-fold relative to the nuclear extract (input; Fig. 3D ). As a control, no HPSE promoter region was immunoprecipitated with isotype IgG (Fig. 3D ). In addition, knockdown or stable over-expression of miR-558 decreased and increased the binding of AGO1, but not of AGO2, on the HPSE promoter, respectively ( Fig. 3D and Supplementary Material, Fig. S2C ). These results indicated that miR-558 targeted the binding site and recruited AGO1 on the HPSE promoter in NB cells.
Involvement of AGO1 in the miR-558-induced transcriptional activation of HPSE in NB cells
To further investigate the potential roles of AGO1 and AGO2 in the miR-558-induced transcriptional activation of HPSE, small interfering RNAs (siRNAs) targeting AGO1 and AGO2 were transfected into SH-SY5Y and SK-N-SH cells stably transfected with an empty vector (mock) and the miR-558 precursor, respectively. Western blot, real-time quantitative RT-PCR and nuclear runon demonstrated that knockdown of AGO1, but not of AGO2, abolished the miR-558-induced transcriptional activation of HPSE in NB cells ( Fig. 4A-C ). Stable transfection of the miR-558 precursor into NB cells resulted in decreased binding of repressive epigenetic markers histone H3 lysine 9 dimethylation (H3K9me2) and histone H3 lysine 27 trimethylation (H3K27me3) and increased binding of the active epigenetic marker histone H3 lysine 4 trimethylation (H3K4me3) and RNA polymerase II (RNA Pol II) on the HPSE promoter (Fig. 4D) , which was abolished by the knockdown of AGO1 (Fig. 4D) . To explore whether miR-558 interacts directly with the HPSE promoter, lysates from miR-558 over-expressing NB cells were pretreated with RNase H or RNase A. As shown in Figure 4E , RNase H treatment prevented the NB cells from the increased enrichment of AGO1, H3K4me3 and RNA Pol II and decreased binding of H3K9me2 and
H3K27me3 on the HPSE promoter induced by miR-558. However, these changes were unaffected by RNase A treatment (Fig. 4E) , indicating a direct interaction between miR-558 and the HPSE promoter. Collectively, these results indicated that miR-558 induced chromatin remodeling within the HPSE promoter in NB cells in an AGO1-dependent manner.
miR-558 promoted the growth, invasion, metastasis and angiogenesis of NB cells through targeting HPSE in vitro
Since previous studies indicate that HPSE promotes the growth, migration, invasion and angiogenesis of tumor cells (11), we further investigated the effects of miR-558 knockdown and HPSE S4A ). In the scratch migration assay, miR-558 knockdown attenuated the migration capabilities of SH-SY5Y and SK-N-BE(2) cells ( Fig. 5D and Supplementary Material, Fig. S4B ). Transwell analysis showed that NB cells transfected with the anti-miR-558 inhibitor presented an impaired invasion capacity than that in anti-NC-transfected cells (Fig. 5E) . The tube formation of endothelial cells was suppressed by treatment with the medium preconditioned by the transfection of NB cells with the anti-miR-558 inhibitor (Fig. 5F ). In addition, the transfection of HPSE into SH-SY5Y and SK-N-BE(2) cells restored the decrease in growth, migration, invasion and angiogenesis induced by knockdown of miR-558 ( 
Knockdown of miR-558 attenuated the growth, metastasis and angiogenesis of NB cells in vivo
We next investigated the efficacy of miR-558 knockdown against tumor growth, metastasis and angiogenesis in vivo. Administration of the anti-miR-558 inhibitor via tail vein injection decreased the growth and tumor weight of SH-SY5Y cells-established subcutaneous xenograft tumors in athymic nude mice, when compared with those treated with anti-NC ( Fig. 6A and B) . In addition, immunohistochemical staining, western blot and real-time quantitative RT-PCR indicated that the expression of HPSE and downstream VEGF was also reduced by the knockdown of miR-558 via the administration of the anti-miR-558 inhibitor (Fig. 6C and D) . Moreover, treatment with the anti-miR-558 inhibitor resulted in decrease in CD31-positive microvessels and mean vessel density within tumors (Fig. 6C ). In the experimental metastasis studies, nude mice treated with the antimiR-558 inhibitor established statistically fewer lung metastatic colonies than those treated with anti-NC (Fig. 6E) . These results suggested that knockdown of miR-558 inhibited the growth, metastasis and angiogenesis of NB cells in vivo.
Discussion
The human HPSE gene is located at chromosome 4q21.3, and its expression is regulated at the transcriptional levels (26). In non-cancerous tissues and cells, HPSE is constitutively inhibited, and it is over-expressed in essentially all human tumors examined (3). Transcription factors specificity protein 1 and v-ets avian erythroblastosis virus E26 oncogene homolog are associated with the basal activity of the HPSE promoter (27, 28) , whereas early growth response 1 is implicated in the inducible transcription of HPSE (29) . Estrogen exposure enhances the HPSE promoter activities through four estrogen response elements in breast cancer cells (30) . Wild-type p53 has been shown to inhibit the HPSE transcription by direct binding to its promoter (31) . In this study, we demonstrate that miR-558 facilitates the HPSE expression in NB cells. First, the expression of miR-558 and HPSE was positively correlated in NB tissues and cell lines. Second, the activities of the HPSE promoter luciferase reporter were responsive to miR-558 knockdown and overexpression. Third, the mutation of the miR-558-binding site abolished the regulatory effects of miR-558 on the HPSE promoter luciferase reporter. Finally, the endogenous HPSE expression, both nascent transcript and protein, was increased in miR-558 precursor-transfected NB cells, suggesting that miR-558 may regulate HPSE expression by inducing transcription. Previous studies have shown that promoter-targeting siRNAs can direct transcriptional activation of E-cadherin (24), p21 WAF/CIP1 (24) , VEGF (24) and the progesterone receptor (32) in cancer cells. Recent studies reveal the existence of nuclear AGO proteins and miRNA-AGO coupling (33, 34) . Nuclear-cytoplasmic proteins, such as trinucleotide repeat containing 6A, interact with AGO proteins for nuclear internalization (33, 34) . The miRNA-binding sites within promoters are present as commonly as those within 3′-UTRs (35) . In human nasopharyngeal carcinoma cells, 39 miRNAs are identified in the nuclear fractions (36) . Within the E-cadherin promoter, there is a miR-373 target site, and transfection of miR-373 precursor activates the E-cadherin expression in prostate cancer cells (17) , providing the first evidence that promoter-targeting miRNAs can elicit transcriptional activation. Subsequent studies show that miR-205 functions as a tumor suppressor through up-regulating interleukin-24 and interleukin-32 by targeting specific sites in their promoters (37) . In addition, miR-744 activates cyclin B1 transcription by binding its promoter in an AGO1-dependent manner, involving increased recruitment of H3K4me3 and RNAP II on the cyclin B1 promoter (25) . In this study, we found that in miR-558 over-expressing NB cells, the recruitment of repressive epigenetic markers H3K9me2 and H3K27me3 was decreased, accompanied by increased enrichment of H3K4me3 and RNA Pol II on the HPSE promoter, indicating that miR-558 induces chromatin remodeling that facilitates the transcription of HPSE in NB cells. MiR-558, a recently identified miRNA in human colorectal cells, is found to be up-regulated in irradiated fibroblasts (38) and regulates target genes involved in cell cycle checkpoints and apoptosis (39) . Over-expression of miR-558 markedly inhibits the interleukin-1 beta-induced production of cyclooxygenase-2 and prostaglandin E2 in human articular chondrocytes (40) . In breast cancer tissues, miR-558 is significantly down-expressed (41) . In this study, we identified the up-regulation of miR-558 in NB tissues and cell lines than that in normal dorsal ganglia and noted the high expression of BIRC6, the host gene of miR-558, in a publicly available NB microarray database. It has been shown that miR-558 exerts oncogenic functions to increase the in vitro proliferation, colony formation and in vivo growth of NB cells (22) . However, the other oncogenic functions of miR-558 and underlying mechanisms in NB still remain largely unknown. In this study, we demonstrate that miR-558 facilitates the growth of NB cells, which is in line with previous studies (22) . In addition, our evidence shows that miR-558 promotes the invasion, metastasis and angiogenesis of NB cells in vitro and in vivo. The fact that the restoration of HPSE expression is sufficient to prevent the NB cells from miR-558-mediated changes in these biological features suggests that miR-558 exerts the oncogenic functions, at least in part, through up-regulation of HPSE in NB. Moreover, rescue experiments show that VEGF partially contributes to the miR-558-mediated oncogenic effects, suggesting the involvement of other downstream genes of HPSE in these processes.
Transcription regulation depends on the interactions between repressor or activator proteins with promoter sequences, and miRNA-AGO complexes may activate transcription through epigenetic mechanisms (42) . In this study, our evidence indicated that AGO1, but not AGO2, was enriched at the HPSE promoter in miR-558 over-expressing NB cells. In addition, the knockdown of AGO1 abolished the miR-558-induced binding of an active epigenetic marker on the HPSE promoter. We believe that miR-558/ AGO1 complexes may recruit co-activator such as histone methyltransferases to facilitate gene expression, which warrants our further investigation. Because RNA is able to form base pairs with DNA, it is reasonable to suspect that miRNAs may directly hybridize with regulatory regions within genomic DNA (42) . When promoters are in single-stranded open conformation, miRNA-binding sites may be achieved (42) . In this study, we found that treatment with RNase H (specifically degrades the RNA present in RNA-DNA hybrid) (18) attenuated the miR-558-induced changes in the enrichment of AGO1 and epigenetic markers, suggesting a direct interaction between miR-558 and the HPSE promoter.
In summary, we have shown that miR-558 is up-regulated in human NB and facilitates the transcription of HPSE via the binding site within its promoter in NB cell lines. Furthermore, miR-558 promotes the growth, invasion, metastasis and angiogenesis of NB cells in vitro and in vivo through up-regulating HPSE expression. This study extends our knowledge about the regulation of HPSE at the transcriptional level by miRNAs and suggests that miR-558 may be of potential values as a novel therapeutic target for human NB.
Materials and Methods
Patient tissue samples
Approval to conduct this study was obtained from the Institutional Review Board of Tongji Medical College (approval number: 2011-S085). Fresh tumor specimens from 30 well-established primary NB cases were collected at surgery and stored at −80°C until use. The pathological diagnosis of NB was confirmed by at least two pathologists. Based on the Shimada classification system, including the mitosis karyorrhexis index, degree of neuroblastic differentiation and stromal maturation and patient's age, 14 patients were classified as having favorable histology and 16 as having unfavorable histology. According to the INSS, four patients were classified as stage 1, nine as stage 2, nine as stage 3, four as stage 4 and four as stage 4S. Protein and RNAs of normal human dorsal ganglia were obtained from Clontech (Mountain View, CA, USA).
Promoter-targeted miRNA prediction and expression detection miRNA-binding sites within the HPSE promoter were predicted using the algorithm microPIR (21) and the genome-wide profiling Human Molecular Genetics, 2015, Vol. 24, No. 9 | 2547 of AGO-chromosome interaction data (GSE40536). Cytoplasmic and nuclear fractions were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The levels of mature miRNA in primary tissues and cell lines were determined using Bulge-Loop™ miRNAs qPCR Primer Set (RiboBio Co. Ltd, Guangzhou, China). After cDNA was synthesized with a miRNA-specific stem-loop primer, the qPCR was performed with the specific primers (Supplementary Material, Table S2 ). The miRNA levels were normalized as to those of U6 snRNA.
Western blot
Tissue or cellular protein was extracted with a 1 × cell lysis buffer (Promega, Madison, WI, USA). Western blot was performed as previously described (43) (44) (45) (46) (47) Table S2 . The fluorescent signals were collected during the extension phase, Ct values of the sample were calculated and the transcript levels were analyzed by the 2 −△△Ct method.
Cell culture and transfection
Human NB cell lines SK-N-SH (HTB-11), SK-N-AS (CRL-2137), SH-SY5Y (CRL-2266) and SK-N-BE(2) (CRL-2271) and the human endothelial cell line HUVEC (CRL-1730) were purchased from American Type Culture Collection (Rockville, MD, USA). Cell lines were authenticated on the basis of viability, recovery, growth, morphology and isoenzymology by the provider. Cell lines were used within 6 months after the resuscitation of frozen aliquots and grown in the RPMI1640 medium (Life Technologies, Inc., Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Life Technologies, Inc.), penicillin (100 U/ml) and streptomycin (100 µg/ml). Cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 . The miRNA inhibitors (antagomiR oligos) and mimics of miR-145, miR-558, miR-17 or anti-NC (RiboBio Co. Ltd) were transfected into confluent cells with Lipofectamine 2000 (Life Technologies, Inc.).
Pre-miRNA construct and stable transfection
According to the pre-miR-558 (5′-TGAGCTGCTGTACCAAAAT-3′) sequence documented in the miRNA Registry database (48), oligonucleotides encoding the precursor of miR-558 (Supplementary Material, Table S3 ) were subcloned into the BamHI and XhoI restrictive sites of pcDNA3.1(−) (Genechem Co., Ltd, Shanghai, China). The miR-558 expression vector was transfected into tumor cells, and stable cell lines were screened by the administration of neomycin (Invitrogen, Carlsbad, CA). The empty vector was applied as a control.
Luciferase reporter assay
The human HPSE promoter luciferase reporter was kindly provided by Dr Xiulong Xu (Rush University Medical Center) (11, 27) . The mutation of the miR-558-binding site was performed with GeneTailor™ Site-Directed Mutagenesis System (Invitrogen) and PCR primers (Supplementary Material, Table S3 ). Tumor cells were plated at 1 × 10 5 cells/well on 24-well plates and transfected by luciferase reporter vectors (30 ng) and a Renilla luciferase reporter vector pRL-SV40 (10 ng, Promega). Twenty-four hours post-transfection, firefly and Renilla luciferase activities were consecutively measured, according to the dual-luciferase assay manual (Promega). For HPSE promoter activities, the luciferase signal was normalized by the firefly/Renilla ratio.
Nuclear run-on assay
The nuclear run-on assay was performed based on the incorporation of biotin-16-uridine-5′-triphosphate (biotin-16-UTP) in nascent transcripts as described previously (11) . Briefly, nuclei of 5 × 10 6 tumor cells were isolated and consequently incubated in a reaction buffer containing rNTPs and biotin-16-UTP (Roche) at 30°C for 45 min. The reaction was stopped by adding RNase-free DNase I (Sigma, St Louis, MO, USA), and the nuclei were lysed and treated with proteinase K (Sigma). Total RNA was extracted using Trizol (Invitrogen), and biotinylated nascent RNA was purified using agarose-conjugated streptavidin beads (Invitrogen). Beads were then eluted, and biotinylated RNA was isolated for the real-time quantitative RT-PCR assay with primers (Supplementary Material, Table S2 ).
Gene over-expression and knockdown
Human HPSE cDNA (1632 bp) and VEGF cDNA (1116 bp) were amplified from the NB tissue (Supplementary Material, Table S3 ) and subcloned into pcDNA3.1 (Invitrogen). To restore the miR-558 knockdown-induced down-regulation of HPSE or VEGF, tumor cell lines were transfected with the recombinant vector pcDNA3. 1-HPSE or pcDNA3.1-VEGF. The 21-nucleotide siRNAs targeting the encoding region of HPSE (11), AGO1 (11), AGO2 (11) and VEGF were chemically synthesized (RiboBio Co. Ltd) and transfected into tumor cells stably over-expressing miR-558 with Genesilencer Transfection Reagent (Genlantis, San Diego, CA, USA). The scramble siRNA (si-Scb) was applied as a control (Supplementary Material, Table S3 ).
Chromatin immunoprecipitation
The ChIP assay was performed according to the manufacturer's instructions of the EZ-ChIP kit (Upstate Biotechnology, Temacula, CA, USA) (11, 45, 49) , with antibodies for AGO1, AGO2, H3K9me2, H3K27me3, H3K4me3 and RNA Pol II (Upstate Biotechnology). Lysates were treated with either RNase H (10 U) or RNase A (20 µg) prior to immunoprecipitation. DNA was sonicated into fragments of an average size of 200 bp. Real-time qPCR was performed with primers targeting the binding site of miR-558 within the HPSE promoter (Supplementary Material, Table S2 ).
Cell viability assay
Tumor cells were cultured in 96-well plates at 5 × 10 3 cells per well. Cell viability was monitored by the MTT (Sigma) colorimetric assay (11, 49) . All experiments were done with 6-8 wells per experiment and repeated at least three times.
Soft agar assay
Tumor cells at 5 × 10 3 per well were mixed with 0.05% Nobel agar (Fisher Scientific, Pittsburgh, PA, USA) in the growth medium and plated onto 6-well plates containing a solidified bottom layer (0.1% Noble agar in the growth medium). After the incubation of cells for 21 days, the number of cell colonies was counted under the microscope, and the cells were fixed with 100% methanol and stained with 0.5% crystal violet dye (44, 45) .
Scratch migration assay
Tumor cells were cultured in 24-well plates and scraped with the fine end of 1-ml pipette tips (time 0). Plates were washed twice with phosphate-buffered saline (PBS) to remove detached cells and incubated with the complete growth medium. Cell migration was photographed using 10 high-power fields, at 0 and 24 h postinduction of injury. Remodeling was measured as diminishing distance across the induced injury, normalized to the 0 h control, and expressed as outgrowth (µm) (43, 46, 49) .
Cell invasion assay
The matrigel invasion assay was performed using membranes coated with the matrigel matrix (BD Science, Sparks, MD, USA). Homogeneous single cell suspensions (1 × 10 5 cells/well) were added to the upper chambers and allowed to invade for 24 h at 37°C in a CO 2 incubator. Invaded cells were stained with 0.1% crystal violet for 10 min at room temperature and examined by light microscopy. Quantification of invaded cells was performed according to the published criteria (43, 44, 46, 47, 49) .
Tube formation assay
Fifty microliters of growth factor-reduced matrigel was polymerized on 96-well plates. HUVECs were serum starved in the RPMI1640 medium for 24 h, suspended in the RPMI1640 medium preconditioned with tumor cells, added to the matrigel-coated wells at the density of 5 × 10 4 cells/well and incubated at 37°C for 18 h. Quantification of angiogenic activity was calculated by measuring the length of tube walls formed between discrete endothelial cells in each well relative to the control (43, 44, 46, 49) .
In vivo growth, metastasis and angiogenesis assay
All animal experiments were approved by the Animal Care Committee of Tongji Medical College (approval number: Y20080290). For the in vivo tumor growth studies, 2-month-old male nude mice (n = 5 per group) were injected subcutaneously in the upper back with 1 × 10 6 tumor cells. Anti-NC or miR-558 antagomiR (10 µmol/l in 0.1 ml of PBS) was administered via tail vein injection 2 days after implantation (50) . One month later, mice were sacrificed and examined for tumor weight, gene expression and angiogenesis. The experimental metastasis (0.4 × 10 6 tumor cells per mouse, n = 5 per group) studies were performed with 2-month-old male nude mice as described previously (43) (44) (45) 50) .
Immunohistochemistry
Immunohistochemical staining was performed as previously described (10, (43) (44) (45) , with antibodies specific for HPSE (Abcam Inc.; Santa Cruz Biotechnology; 1:200 dilution), VEGF and CD31 (Santa Cruz Biotechnology; 1:200 dilutions). The immunoreactivity in each tissue section was assessed by at least two pathologists.
The degree of positivity was determined according to the percentage of positive tumor cells.
Statistical analysis
Unless otherwise stated, all data were shown as mean ± standard error of the mean (SEM). The SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA) was applied for statistical analysis. The χ 2 analysis and Fisher's exact probability analysis were applied for comparison among the miR-558 expression and individual clinicopathological features. Pearson's coefficient correlation was applied for analyzing the relationship between miR-558 and HPSE transcript levels. Difference of tumor cells was determined by the t-test or analysis of variance (ANOVA).
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